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INTRODUCTION 
Optical Properties of Semiconductors 
Optical constants 
The theory of the propagation of electromagnetic waves 
in a conducting medium is based on Maxwell's equations and 
is treated thoroughly by Moss (38, p. 1). A brief des­
cription of the optical constants of such a medium will 
be given here. 
A plane travelling electromagnetic wave in a homo­
geneous Isotropic conducting medium may be represented by 
the expression 
where E is a component of the electric vector, a 
constant amplitude, v the frequency, c the velocity of 
light, and N the index of refraction which in general will 
be complex. Dividing N into real and imaginary parts, 
N = n - ik, 
the wave expression becomes 
E = E^exp(-2TTvkx/c)exp [i2nv(t - nx/c)] . 
n is called the real part of the refractive index or some­
times simply the refractive index, and k is called variously 
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the extinction coefficient or the absorption index. 
Experimentally, one measures the transmitted or re­
flected intensities of bulk samples. Since the intensity, 
I, is proportional to |e1^, write.. 
\e\^ =|Eq| ^exp(-^TTvkx/c). 
The absorption coefficient, a, is defined from the ex­
ponential fall off with distance of the intensity by the 
relation 
|E|^  = lEgl^ expf-ax), 
so that 
a = 4nvk/c . 
In terms of the free space wavelength X = c/v, this 
is 
a = ^rrk/x. 
The absorption coefficient can be related to the 
conductivity, cr, of the medium by means of Maxwell's 
equations. The relation is (in Gaussian units) 
3 
Quantum mechanical calculation of absorption coefficient 
Consider now the quantum mechanical calculation of 
the absorption coefficient due to electronic transitions. 
The intensity of the electromagnetic wave in the medium 
can be written as 
I = I^expC-ax), 
so that 
dl = -a I dx 
and 
a = -dl/l dx . 
We see that the absorption coefficient can be interpreted 
as the energy lost per unit time and volume from a beam of 
unit Intensity. Thus we can write 
(X = (îiu)) of transitions per unit volume and time 
incident flux 
where is the energy removed from the beam in each transi­
tion. 
The energy flux is interpreted as the product of the 
energy density and the velocity of propagation. If E is 
p 
the field in the medium, then 0E /4n is the energy density 
2 
where e, the dielectric constant is equal to n « Neglect­
ing dispersion, the propagation velocity is c/n. Thus 
k 
we have 
a = —^  Tlu) W(nu)) 
ncE^ 
where W(îiu)) is the transition probability per unit time. 
Prom time dependent perturbation theory, W(îiu)) is 
found to be (4], p. 199) 
W(îluj) = ^ p(îlou) |(flH'li)|2 
where p(îi(jo) is the density of final states and (flH'li) 
is the matrix element of the perturbing part of the 
Hamiltonian between the final state, f, and the initial 
state, i. 
For an electron of mass m in an external field des­
cribed by the vector potential A, the Hamiltonian is 
B = 5E (E + # 6)^ + 
Neglecting the term quadratic in A, the perturbation is 
taken to be 
Thus the transition probability is 
2 
WCnuu) = 2% p(%w) -|-^A^ |(f|a.%|i)|2, 
m c 
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where a is a imit polarization vector in the direction of 
A. 
The electric field vector is determined from the 
vector potential by 
so assuming a plane wave for A, we have 
Thus the absorption coefficient can be written finally as 
2 2 
a = 2 P(Rw) l(f la*£li)| 
ncm 10 
Absorption processes in semiconductors 
Absorption of electromagnetic radiation in semi­
conductors is produced by four main processes: 
1) electronic transitions between energy bands, 
2) free carrier absorption, 
3) excitation and ionization of impurities, and 
4) excitation of lattice vibrations. 
This work will consider primarily the first two processes. 
Figure 1 shows a simplified energy band diagram of a 
semiconductor showing the valence and conduction bands 
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Figure 1* Schematic energy band structure 
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separated by the forbidden energy gap, E . Energy is 
O 
plotted vs. the wave vector, k. The crystal momentim of 
an electron is related to k by £ = Tik. 
Semiconductors are relatively transparent at photon 
energies insufficient to excite an electronic transition 
from the valence band to the conduction band. At higher 
photon energies, there is an abrupt increase in absorp­
tion as such transitions become energetically possible. 
This increase in absorption is called the intrinsic absorp­
tion edge and occurs at a photon energy approximately 
equal to the energy gap, E^. In semiconductors, values 
of the energy gap are typically in the range from a few-
tenths of an eV to several eV, so that the absorption edge 
usually occurs in the near infrared. Thus infrared absorp­
tion is a powerful method for determining energy gaps in 
semiconductors. The precise position and shape of the 
absorption edge depend on the types of transitions involved 
and the nature of the energy bands. 
Semiconductors can be put into one of two main cate­
gories, One category is characterized by the fact that 
the conduction band minimum and the valence band maximum 
occur at the same k value, and the other when they occur 
at different k values. For the first case, the onset of 
optical absorption is caused by electronic transitions 
vertically (same k value) from the valence band to the 
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conduction band. Such transitions are called direct transi­
tions and the semiconductor is said to have a direct gap. 
In the second case the onset of absorption again 
occurs when the electrons are excited from the valence 
band maximum to the conduction band minimum, but now the 
initial and final k values, i.e. crystal momentum, of the 
electron are different. Since the momentum of an infrared 
photon is so small, conservation of momentum requires 
transfer of momentum from another mechanism, usually the 
absorption or emission of a phonon. Such transitions are 
called indirect transitions and the semiconductor is said 
to have an indirect gap. 
The shape and position of the absorption edge are 
different for the two situations and experimental measure­
ments of the absorption can yield information about the 
type of energy band structure as well as values for the 
energy gap. This will be discussed in a later section in 
detail. 
At wavelengths longer than that of the intrinsic 
absorption edge, the infrared absorption in semiconductors 
is dominated by what is called free carrier absorption. 
This can be divided into two categories; absorption due 
to electronic transitions within a single band, generally 
referred to simply as free carrier absorption or sometimes 
as conduction absorption, and absorption due to electronic 
9 
transitions between different sub-bands either of the 
valence or conduction band. The latter case is referred 
to as either interband transitions to distinguish it from 
conduction absorption, or as intraband transitions to 
distinguish it from electronic transitions from the 
valence to the conduction band. In this discussion, the 
two categories will be referred to as free carrier absorp­
tion and absorption due to interband transitions, respec­
tively. 
A review article by Kessler (17, 18) is devoted 
entirely to absorption by interband transitions in semi­
conductors and contains a complete bibliography on the 
subject. 
General Properties of Mg^Ge 
Magnesium germanide is a member of the family of 
compounds composed of elements of columns IIA and IVA of 
the periodic table. These are MggSi, MggGe, MggSn, and 
MggPb, all of which are semiconductors except MggPb which 
exhibits metallic behavior. 
The compounds crystallize in the antifluorite struc­
ture, of which CaPg is a prototype, with the magnesium 
atoms occupying the F sites and the germanium atoms 
occupying the Ca sites. The lattice is face centered 
cubic with respect to Ge with a cube of eight Mg atoms 
symmetrically located within the Ge sublattice. 
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Tetrahedral bonding takes place as each germanium 
atom forms four covalent sp-^ bonds which pivot between 
the eight neighboring magnesium atoms, thus forming eight 
half-bonds. Similarly, each magnesium atom forms four 
half-bonds with the four neighboring germanium atoms. 
Previous Work 
The electrical properties of the magnesium compounds 
have been the subject of a number of investigations in 
which determinations of energy gaps and effective masses 
were made. Winkler (53)made electrical measurements on 
poly-crystalline samples of all four compounds. Hall 
effect and electrical resistivity measurements on single 
crystals were made on MggSi by Morris _et (37) and on 
MggGe by Redin e_t (4l). Effective mass determinations 
for electrons and holes were made in each case but are not 
considered reliable because of the assumptions made. 
McWilliams and Lynch (33) measured the infrared 
reflectivities of MggSi, Mg^Ge, and Mg^Sn and observed 
reststrahl reflectivity peaks indicating the partially 
ionic character of the compounds, Koenig et. âi* (i?) made 
infrared absorption measurements on MggSi and MggGe in 
an attempt to study the energy gaps. These measurements 
on the absorption edges could not be fitted to any 
theoretical model and thus the energy gaps could not be 
11 
determined, although it appeared that the absorption was 
due to indirect transitions. Estimates of the shift of the 
energy gaps with temperature were also made, Lipson and 
Kahan (23) studied the infrared absorption in Mg^Sn and 
concluded that absorption in the edge was due to indirect 
transitions and determined values of the energy gap as a 
function of temperature and of the energy of the phonon 
assisting the indirect transitions. Lawson et (20) 
also studied the absorption edge in MggSn and concluded 
that the transitions were of the indirect type, but con­
trary to Lipson and Kahan, found that the energy gap 
increased with temperature. 
Relatively little is known about the band structure 
of the magnesium compounds other than the information ob­
tained from the experiments described above. Mead (3^) 
made optical absorption and surface barrier photoresponse 
measurements on MggGe and at 10°K found an indirect transi­
tion at approximately 0,57 eV and a direct transition at 
approximately 1.8 eV, Whitten's and Danielson's piezo-
resistance measurements (51) indicated that the conduction 
band minima in MggSi occur along the <100> directions in 
k-space, as is the case for silicon. 
Theoretical investigations of the band structure of 
the compounds have only recently begun, with Lee's calcula­
tions for MggSi and MggGe (22) the only results obtained 
12 
at the time of this writing. 
Purpose of This Work 
With the quality of crystals available at this time, 
it was felt that the most information about the band 
structure of the magnesium compounds could be obtained by 
a thorough study of the infrared absorption in MggGe. 
Preliminary measurements on MggSi showed it to be too 
opaque, for some reason, in the photon energy region 
below the absorption edge for an analysis of experimental 
results to be made. 
Optical absorption measurements are particularly 
suited for determining information about the band structure 
of semiconductors such as the energy gap between the valence 
and conduction bands as well as energy differences between 
other band extrema. This is because of the direct way in 
which these parameters determine the optical properties 
as described earlier. Electrical measurements, on the 
other hand, are not as reliable for determining such quan­
tities as they are determined indirectly from the tempera­
ture dependence of electrical quantities and usually involve 
other, sometimes poorly known, parameters* 
Thus these measurements were begun on the infrared 
absorption in n- and p-type Mg2Ge single crystals at wave­
lengths between 1.5 and 25 microns at temperatures between 
4.2°K and 300°K. 
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EXPERIMENTAL METHODS 
Samples 
Single crystals of MggGe were grown by the Bridgman 
method. The crystal growth of the magnesium compounds has 
"been described in some detail (4l) and will only be briefly 
outlined here. Stoichiometric proportions of the constitu­
ent elements were placed in a graphite crucible which was 
placed in a furnace in an inert gas atmosphere at a gauge 
pressure of about one atmosphere. The crucible was heated 
to above the melting point of the compound and then was 
cooled slowly with a small temperature gradient along the 
crucible, so that as the crystal solidified, the solid-
liquid interface moved up from the conical shaped tip at 
the bottom. Single crystals resulted this way as the 
crystal orientation was determined by the tip, which solid­
ified first. 
Undoped crystals obtained from stoichiometric propor­
tions usually resulted in p-type material with carrier 
concentrations of about 10 cm" as determined by Hall 
effect measurements at room temperature. This situation 
was unique to this series of crystal preparation, as n-type 
crystals have usually been obtained from undoped material 
in work in this same laboratory. The source of the type 
of carriers is not known. It could be due to either im-
Im­
purities present in the starting materials or picked up 
from the crucible, or to a stoichiometric excess of one 
of the major constituents. 
Both n- and p-type material of any purity less than 
the undoped material were obtained by adding dopants 
directly to the melt. The n-type material was produced 
by the addition of small amounts of the column IIIA elements 
Al, Ga, and In, and by the column VA element As. Arsenic 
presumably enters the MggGe lattice substitutionally for 
Ge to act as a donor as it does in pure Ge. Al, Ga, and In, 
normally acceptors in germanium, apparently enter the 
MggGe lattice substitutionally for Mg to act as donors. 
The IIIB column element Sc also acted as a donor. Doping 
with silver resulted in p-type material. 
Thin samples for the optical transmission measurements 
were produced by first grinding the sample to the desired 
thickness with silicon carbide abrasive paper and then 
polishing with successively finer grades of Linde alumina 
abrasive on a wax lap using ethylene glycol as a vehicle. 
During preparation, the samples were fastened to brass 
plugs with glycol phthalate, a thermoplastic resin. High 
quality flat optical surfaces were obtained in this manner 
using 0.05 |i Linde B for the final polish. Samples approxi­
mately 4 X 8 mm and between several millimeters to 75 |i in 
thickness were obtained in this way. Measurements were 
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made on the polished surfaces without etching, as a suit­
able etch for Mg^Ge was not found* 
At the same time that the optical samples were pre­
pared, samples in the form of rectangular parallelepipeds 
about 2 X 2 X 8 mm were made from the same ingots for Hall 
effect measurements. These were taken from material as 
close as possible in the ingot to the optical samples so 
that accurate determinations of the charge carrier concen­
trations of the optical samples could be made. 
Optical System 
The optical measurements were made with a Perkin-
Elmer Model 112 single beam, double pass monochromator 
with a globar source and a thermocouple detector with a 
Gsl window. Prisms of LiF, NaCl, KBr, and CsBr were used 
in the appropriate spectral regions. The intensity of the 
globar was monitored by a phototube whose signal was fed 
back to the power supply to keep the globar intensity 
constant to better than 0,1^. 
The measurements were made with the sample in the 
monochromatic exit beam of the monochromator. This was 
accomplished by an external focussing system shown in 
Figure 2. An image of the exit slit of the monochromator 
was formed with unit magnification by mirror Ml, a spherical 
mirror of 15 cm focal length. By using the plane mirror M2, 
( 
I 
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W 
Figure 2* Optical system 
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it was possible to keep the beam close to the axis of the 
spherical mirror so that spherical aberration was minimized. 
The sample was placed at this image of the exit slit and 
from there the beam was collected by the regular Perkin-
Elmer thermocouple mirror M3 and fooussed onto the thermo­
couple. 
Performing the experiment with the sample in the mono­
chromatic exit beam has several advantages over placing 
the sample in the entrance beam, where the globar would 
be focussed directly on it. The sample heating effect of 
the globar is avoided, which is a serious problem when 
measurements are desired at liquid helium temperature, and 
any change produced in the crystal by the white light such 
as the production of excess free carriers is eliminated» 
Effects due to extraneous radiation originating when the 
temperature of the sample and cryostat windows are different 
from the ambient temperature of the monochromator are also 
eliminated. This is because in the exit beam, radiation 
originating in the sample and cryostat windows is not 
interrupted by the monochromator chopper and thus is not 
detected by the synchronous amplifier. When measurements 
were made in the entrance beam at low temperatures, large 
baseline drifts were observed even when no light was 
incident on the sample* 
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Cryostat System 
The optical cryostat shown in Figure 3 was of common 
design, having two chambers for liquid refrigerant which 
were insulated from each other and from the outside by a 
common vacuum. 
The sample was mounted directly on the bottom of the 
inner chamber which contained the coolant at the desired 
temperature. This was either a dry ice and acetone mix­
ture (196°%), liquid nitrogen (77°K), or liquid helium 
(4.2°K). For heat shielding purposes, the sample was 
surrounded by a copper shield connected directly to the 
outer chamber. The same coolant was placed in both chambers 
except when liquid helium was used in which case liquid 
nitrogen was kept in the outer chamber. 
An Important feature of the cryostat was that the 
sample was surrounded by a small vacuum-tight chamber into 
which helium exchange gas could be admitted to increase 
the thermal contact between sample and coolant. The 
details of this exchange gas system are shown in Figure 4. 
The exchange gas was admitted through a 1/4 inch 
diameter, thin wall stainless steel tube. Electrical 
leads such as thermocouple wires connected to the sample 
were also fed into the cryostat through this tube. By a 
suitable combination of open and closed valves, the two 
chambers could be kept at the same pressure, or either one 
19 
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could be pumped out separately* The pressure in each 
chamber was monitored by a separate vacuum gauge. 
In practice, the valve connecting the two chambers 
was opened and the whole system was pumped out with a 
mechanical forepump and oil diffusion pump system to a 
pressure of about 10 torr. The system was then closed 
off from the pumps and the cryostat was filled with the 
liquid coolant. When liquid helium was used, the pressure 
dropped rapidly to about 5(10"'^) torr as measured by the 
gauge, and probably even lower inside the cryostat. The 
exchange gas chamber was then isolated, and helium gas was 
admitted through a needle valve to a pressure of about 
50 n Hg. 
Sample temperatures were measured with a Au 0.0? at. 
% Pe vs. Cu thermocouple calibrated by Pinnemore e_t al. 
(10), and it was found that with the exchange gas, sample 
temperatures equal to those of the liquid coolants were 
achieved even at liquid helium temperature. 
It was necessary to fit the exchange gas chamber with 
windows transparent in the infrared and capable of being 
cooled to liquid helium temperature and remaining vacuum 
tight. This was accomplished by a scheme invented by 
Roberts (42). Sapphire windows 1 inch in diameter and 
1 mm thick were cemented with an epoxy resin to 0,003 inch 
thick copper cones which in turn were soldered to the 
22 
cryostat» Each thin copper cone was pressed into shape and 
was annealed to soften the metal and thoroughly cleaned by 
chemical means, Next, the cone was soft-soldered to a 
copper ring 1-1/2 inches in diameter, I/16 inch thick, and 
3/8 inch high. The sapphire window was then placed in 
position and the angle between the window and the Cu cone 
was filled with the powdered epoxy resin (Hjrsol A7-4314). 
The whole assembly was heated at l66°C for two hours. 
The assembly was soldered to the exchange gas chamber 
with Wood's metal each time a sample was mounted. The 
windows withstood many cycles between room temperature and 
liquid helium temperature without breaking or leaking. The 
differential thermal expansion was apparently taken up in 
the epoxy resin and in distortion of the thin copper cones. 
Measurement Procedures 
For the optical transmission measurements, the sample 
was mounted with G.E. 7031 adhesive over one of two 
identical apertures which were fastened to the cryostat. 
The cryostat rested on two 1/4 inch diameter teflon rods 
in such a manner that it could be moved transversely to the 
light beam so that either the sample or the blank aperture 
could be placed in the beam. 
By this sample-in, sample-out technique, the trans­
mission of the sample was determined by measuring the ratio 
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l/lg of the incident to the transmitted light intensity. 
This was done point by point for definite photon energy 
values for the absorption edge measurements, where maximum 
accuracy in determining the spectral shape of the absorp­
tion was desired. For measurements of the free carrier 
absorption at longer wavelengths, the spectral region of 
interest was swept through continuously and recorded on a 
strip chart, first for the sample and then for the blank 
aperture in the beam. The transmission values were cal­
culated from a comparison of the two strip charts. 
The absorption coefficients of the samples were deter­
mined from the transmission values from the relation 
m = (1 - E)^ e""-^  
1 - * 
where T is the transmission, a the absorption coefficient, 
d the sample thickness, and R the bulk reflectivity. This 
expression is derived considering multiple reflections from 
the sample surfaces but neglecting interference effects. 
For the sample thicknesses used, the spectral band widths 
were sufficiently large so that no interference effects 
were actually observed. 
The reflectivities of several cleaved and polished 
surfaces were measured and both agreed well with those 
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predicted by the refractive index measurements of McWilliams 
and Lynch (32). Sample thicknesses were measured with a 
micrometer caliper, which resulted in values accurate to 
better than 2 or jfo for. the thinnest samples used (0«074 cm). 
An electronic computer was used to calculate the 
absorption coefficients from the measured transmission 
values, sample thicknesses, and reflectivities. 
Hall effect measurements by a standard D.C. method 
were made on all samples at room temperature to determine 
charge carrier concentrations. This was determined from 
the relation 
Rjj = l/Nec, 
where Eg. is tRe Hall coefficient, N the carrier concentra­
tion, e the electronic charge, and c the velocity of light. 
For quick determination of whether a sample was n- or p-
type, a simple hot probe device was used to determine the 
polarity of the thermoelectric voltage produced. 
25 
INTRINSIC ABSORPTION EDGE 
Theoretical Shape of Absorption Edge 
Introduction 
Before presenting the experimental results for 
MggGe, theoretical expressions for the shape of the 
absorption edge for the cases of direct and indirect tran­
sitions will be presented. Thorough treatments of this 
are given by Smith (44, p. I89) and by McLean (31) and 
will only be briefly outlined here. 
Direct transitions 
Consider first the case of the valence band maximum 
and the conduction band minimum occurring at the same 
value of k, say k = 0. The onset of optical absorption 
occurs when the photon energy, hv, is equal to the energy 
gap, E , between the valence and conduction band extrema. 
S 
Considering only the interaction between electron 
and photon, neglecting the electron-hole interaction, the 
optical matrix element for the transition is that given 
earlier in the introduction. The wave functions for the 
electron in the initial and final states are of the Bloch 
form 
e%p(iky'r) 
Yf = ^o(r) exp(i^-r) 
26 
where u^(r) and (r) are functions with the periodicity 
of the crystal lattice and and are the electron wave 
vectors. The subscripts v and c refer to the valence and 
conduction bands respectively» 
The absorption coefficient for the transitions is 
proportional to the square of the matrix element 
It can be shown that this vanishes unless k = k if the 
—V —c 
momentum of the infrared photon is neglected. Thus only 
vertical transitions are allowed, i,e. the electron wave 
vector is unchanged. 
When the operation 9 is performed, we see that the 
matrix element consists of two terms; 
r  exp [ i(k^%)'r  ]  u* a-(i^ +V) u^ d^r .  
Usually the valence band maximum is at k = 0, so the k^ 
term is very small for energies close to threshold and 
can be neglected if the other term doesn't vanish. 
For energies close to threshold, the matrix element 
varies slowly enough so that the dominant energy dependence 
of the absorption coefficient comes from the density of 
states. Assuming the valence and conduction bands to 
vary quadratically in k, the result for the absorption 
27 
coefficient is foimd to be 
ahv = r M(hv - > E ) 
I ° (hv < Eg) 
where the constant M is proportional to the sq.uare of the 
optical matrix element. 
If because of the symmetry of the wave functions the 
k independent term of the matrix element vanishes, then 
the term containing must be considered. Since the 
valence band energy is quadratic in k, the square of the 
matrix element now introduces a term proportional to 
(hv - E ) so that the absorption coefficient becomes 
ahv = r (hv - (hv > E^) ) o 6 
( 0 (hv < Eg) 
In the first case the transitions are said to be allowed, 
and in the second case, forbidden. 
These expression for the absorption edge of a semi­
conductor having a direct gap are essentially independent 
of temperature except for the temperature dependence of E^. 
Indirect transitions 
For a semiconductor with an indirect gap, the onset 
of optical absorption again occurs when electrons are 
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excited from the valence band maximum to the conduction 
band minimum, but now the initial and final k values of 
the electron are different. Conservation of momentum 
requires transfer of momentum from another mechanism. 
This can be accomplished by the absorption or emission 
of a phonon of wave vector 2» Momentum conservation is 
thus 
ko - 4 = ± a. -
A photon of energy hv can be absorbed if 
hv > Eg + K0 
when a phonon is emitted, and if 
hv > E - K0 
O 
when a phonon is absorbed in the indirect transition 
process, where K9 is the energy of the phonon, K being 
Boltzmann's constant. 
Theoretically, the indirect transitions are considered 
as taking place through a virtual intermediate state. 
There are two ways this can happen. First, an electron 
can be excited vertically from near the top of the valence 
band to an intermediate state in the conduction band. 
Since the energy of this state is higher than the minimum 
29 
of that band, the electron makes a transition to a state 
near the conduction band minimum with the absorption or 
emission of a phonon. The other possibility is for an 
electron to be .excited from deep in the valence band 
vertically to the conduction band minimum. This leaves 
a hole in the valence band which makes a transition to the 
band maximum again with the absorption or emission of a 
phonon. These two processes differ in the carrier-phonon 
and electron-photon interactions and in the vertical energy 
differences of the transitions. In calculating the absorp­
tion coefficient, it is usually assumed that one of the 
processes is predominant over the other. 
The determination of the absorption coefficient is 
similar to that for direct transitions, with the calcula­
tion of the density of states being complicated by the 
additional degree of freedom introduced by the phonon 
momentum. 
The absorption coefficient for allowed transitions is 
found to be 
r. 
ahv = 
(hv - E + K8) 
, (Eg - K9)<hv<(Eg+K9) 
hv < (Eg - K0) 
2 
exp(0/T) - 1 
(hv - Eg, + E8)2 _ (hv - E^ - KG)' 
exp(0/T) - 1 1 - exp(-9/T) 
(Eg + Ke) < hv 
30 
where the coefficient A* now includes matrix elements 
describing the carrier-phonon interaction as well as the 
electron-photon Interaction and is essentially temperature 
independent. T is the absolute temperature. The electron-
hole interaction is again not included. 
Just as in the direct transition case, when the 
transitions are forbidden an extra factor proportional to 
(hv - E + K0) is introduced which produces a cubic energy 
O — 
dependence instead of the quadratic dependence for the 
allowed transitions. 
For such a one-phonon model then* the absorption edge 
is composed of two different regions. One starts at. a 
photon energy equal to (E - K9) and corresponds to the 
absorption of a phonon in the indirect transition process, 
and the other starts at (E^ + K6) where phonons begin to 
be emitted. 
An approximation to this expression that is good 
close to threshold where the energy dependence is domi­
nated by the (hv - E + K0)^ factors is 
S 
a = A 
(hv - Eg, + %8)2 ^  (hv - E^ - K8)2 
exp(e/T) - 1 1 - exp(-0/T) 
in which A = A'/hv. The phonon absorption and emission 
terms must be considered to be valid in the same energy 
regions as before. This expression was first used by 
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Macfarlane and Roberts (27, 28) to describe the absorp­
tion edges in Si and Ge and later by Braunstein e_t al. (6) 
for Ge-Si alloys. Hereafter, this will be referred to as 
the Macfarlane-Roberts expression. 
Experimental Results 
Prom the theoretical expressions for the shape of the 
absorption edge, we see that an analysis of the spectral 
shape of the absorption edge of a semiconductor at differ­
ent temperatures can yield information about the band 
structure. It should be possible to determine whether the 
conduction band minimum and the valence band maximum occur 
at the same value of k, and values for the energy gap and 
phonon energy should be determined from such an analysis. 
The absorption spectra of two undoped, p-type MggGe 
* "j ^ O 
samples with carrier concentrations of about 10 cm"^ at 
temperatures of 300°K, 196°K, 77°K, and 4.2°K are shown 
in Figures 5 and 6. Sample No. 1, shown in Figure 5, 
had a thickness of 0.232 cm and sample No. 2, shown in 
Figure 6, had a thickness of 0.0864 cm. Because of its 
smaller thickness, measurements on No. 2 could be extended 
to higher absorption coefficients. The steep increase in 
absorption at higher photon energies is identified as the 
intrinsic absorption edge. 
It was found that the experimental data for MggGe 
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Figure 5* Absorption edge of MggGe sample No. 1 
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Figure 6, Absorption edge of MggGe sample No. 2 
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best fit the theory of indirect transitions. A least 
squares fit of the Macfarlane-Roberts expression was made 
to the experimental data, and the results of this are shown 
in Figures 7 and 8 where the square root of the absorption 
coefficient is plotted against photon energy. The open 
circles are the data points and the solid lines are the 
calculated curves of the theoretical expression where 
the values of A, E , and K9 were determined by the least 
o 
squares calculation. The experimental and calculated 
curves agree quite well. 
As can be seen in Figures 5 and 6, instead of the 
absorption falling to zero on the low energy side of the 
edge as is predicted by theory, the absorption edge spec­
trum is superimposed on a slowly varying background 
absorption. To account for this in the least squares 
calculation, a constant term, G, was added to the theoreti­
cal expression over the entire spectral region. For each 
absorption curve, the four parameters A, C, E , and K0, 
S 
were varied in the least squares fit to the experimental 
data by means of an IBM 7074 electronic computer. The 
constant term, C, was subtracted from the experimental 
and calculated absorption coefficients before calculating 
the square root which is plotted in the figures. 
The absorption curve for each temperature- was treated 
independently without requiring the parameters A and Kg 
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MggGe sample No* 2 
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to be the same at all temperatures as would be expected 
from theory. Instead, the values determined for these 
parameters at different temperatures were compared as a 
test of how well theory and experiment agree. Over the 
temperature range from to 300°K, the value found 
for A varies by about 20%. This compares fairly well to 
the case of Ge where Macfarlane et al.(25) found the 
corresponding quantity to change by about 15^ over the 
same temperature range. 
The values found for the phonon energy, K9, at 300°% 
and 196°K differed by about and an average value for 
these temperatures of 0.025 eV was taken as the phonon 
energy involved in the indirect transitions in MggGe. 
The phonon energy determined from the 77°K data was 
about 50^ less than this. This value is not nearly as 
reliable as the high temperature results because the 
determination of K0 depends largely on the phonon absorp­
tion portion of the curve whose magnitude is small at low 
temperatures. For a phonon energy of 0.025 eV, its 
magnitude is only about 1/50 that of the phonon emission 
term at 77°K, as the ratio of the magnitudes of the two 
terms is exp(-0/T) at the same energy above threshold. 
In fact, at low temperatures only the quantity (E^ + K0) 
can be determined accurately, so that the phonon energy 
determined at higher temperatures is needed to determine 
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Eg at low temperatures. This is even more true at 
where the ratio of the magnitude of the two terms is 
about e"^^. 
Tables 1-4 show the results of the least squares analy­
sis of four different p-type MgpGe samples including the 
root mean square deviation (BMS Dev.) between the experi­
mental and theoretical curves of absorption coefficient 
vs. photon energy. It was not possible to determine 
values for (E - K9) at for reasons mentioned above. 
O 
All four samples had about the same carrier concentration 
of 10^^ cm"3. 
Table 5 shows the values of the phonon energy and 
energy gaps determined by averaging the results from all 
four samples. 
Table 1. Results of least squares analysis of absorption 
edge of MggGe sample no. 1, 0.232 cm thick 
Temp. E - Kg E + K9 A C BMS Dev. 
(eV) (eV) (cm"^ eV"^) (cm""^) (cm~^) 
300 0.5074 0.5543 978 1,87 0.0554 
196 0.5366 • 0.5712 667 1.60 0.107 
77 0.5625 0.5892 680 1.39 0.0975 
4.2 0.5935 887 1.43 0.124 
39 
Table 2. Results of least squares analysis of absorption 
edge of MggGe sample no. 2, 0.0864 cm thick 
Temp. E - K9 E + K0 A C RMS Dev. 
(eV) (eV) (cm-1 eV~^) (cm"^) (cm^l) 
300 0.5088 0.5592 1105 2.99 0.0989 
196 0.5292 0.5766 954 2.56 0.133 
77 0.-:5600 0.5936 858 2.39 0.229 
4.2 0.5949 871 2.32 0.150 
Table 3. Results of least squares analysis of absorption 
edge of Mg^Ge sample no. 3> 0.074 cm thick 
Temp. E - K0 Eg + K9 A C RMS Dev, 
(eV) (eV) (cm"^ eV'^) (cm'^) (cm"^) 
300 0.5088 0.5565 1060 2.23 0.118 
196 0.5200, 0.5785 1200 2.13 0.262 
77 0.5640 0.5949 821 2.28 0.189 
4.2 0.5957 990 2.28 0.167 
4o 
Table 4. Results of least squares analysis.of absorption 
edge of MggGe sample no. 4, 0.159 om thick 
Temp. 
(OK) 
E - K8 
(eV) 
E + KG A C 
(eV) (cm"^ eV^) (cm"^) 
RMS Dev. 
(om-l) 
300 0.5043 0.5579 1220 0.840 0.0714 
196 0.5274 0.5752 1030 0.626 . 0.0677 
77 0.5565 0.5901 859 0.510 0.0825 
4. 2 0.5881 800 0.476 0.0892 
Table 5. Average 
of Mg^Ge 
values of energy gap and phonon energy 
KG E (4.2°%) Eg(77°K) Eg(196°IC) Eg(300OK) 
0.025 eV 0.5697 eV 0.5670 eV 0.5504 eV 0.5320 eV 
The calculated phonon energy of 0.025 eV was com­
pared with the phonon spectrum of MggGe calculated by 
Chung from a point charge model using elastic constants 
and optical data (8), and is representative of his values 
for phonon energies at the edge of the Brillouin zone. 
In fact, 0.025 eV agrees within with the energy of the 
longitudinal acoustic phonon at the edge of the zone in 
the <100>, <110>, and <111> directions. However, it is 
4l 
felt that neither the phonon energy determined from the 
absorption edge measurements nor Chung's phonon spectrum 
is reliable enough to make a positive identification of a 
single phonon involved in the indirect transitions. Also, 
the wave vector of the final electronic state and phonon 
is not known which prevents any correspondence from being 
established. Several optical branches are also possi­
bilities. This would not be surprising since optical mode 
scattering has been found to be important in the transport 
properties of the magnesium compounds (37, 4l), which 
suggests that optical phonons are strong in the compounds 
as far as scattering of electrons is concerned. 
Figure 9 shows the values of the energy gap found in 
the analysis plotted against temperature. The phonon 
energy was taken as 0.025 eV for all temperatures and was 
used to calculate the energy gaps from the values found 
for (Eg + Ke) at 77°K and 4.2°K. These values are some­
what lower than those determined from electrical measure­
ments (41). 
The slope of the straight line portion of the curve 
at higher temperatures was calculated to be 3E /dT = 
S 
-1.8(10'"^) eV/°K. This is lower than the estimate of 
-6.5(10~^) eV/°K for the shift of the energy gap with 
temperature given by Koenig £t al« (19)» However, this 
value was determined by measuring the temperature shift 
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Figure 9» Energy gap of MggGe vs* absolute temperature 
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of the point on the absorption edge having a constant 
absorption coefficient of 100 cm~^. This gives a result 
higher than the actual shift of the energy gap as one can 
see from the temperature dependence of the Macfarlane-
Roberts expression. 
High resolution measurements on the absorption edge 
of Ge and Si by Macfarlane £t al* revealed four distinct 
1/2 portions in the curves of (a) ' vs. hv instead of just 
two (25} 26). These results were interpreted in terms 
of indirect transitions assisted by the absorption and 
emission not of one, but of two different types of phonons 
identified as both the longitudinal and transverse acoustic 
phonons. By a careful analysis in terms of a generalization 
of the one-phonon Macfarlane-Roberts expression used in , 
this work, quite accurate values for the energy gaps and 
phonon energies were obtained. No such complex structure 
is evident in the absorption edge of EggGe. 
As a test to see if the resolution of the absorption 
edge measurements on Mg^Ge was high enough to see any 
such possible fine structure, the absorption edge of a 
pure Ge crystal at room temperature was measured under 
the same conditions as was Mg^Ge. The result of this 
measurement is shown in Figure 10 where the square root 
of the absorption coefficient is plotted vs. photon energy. 
Two knees in the curve are easily visible at photon 
I 
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energies of O.63O eV and 0.685 eV just as in the work on 
Ge by Macfarlane _et al. (25). The energy difference of the 
two knees corresponds to twice the energy of the longitudi­
nal acoustic phonons. 
It is concluded that no such fine structure probably 
exists in the absorption edge of Mg^Ge, but if it does, 
higher resolution will be needed to see it than is needed 
for pure Ge. For these measurements, the slit widths were 
on the order of 0.002 eV to 0.003 eV compared with 0.001 
eV to 0.0004 eV for the high resolution work on Si and Ge. 
The theoretical expressions for the shape of the 
absorption edge that were discussed did not take into 
account the electron-hole interaction* This interaction 
gives rise to excited states of the crystal called excitons. 
This is discussed in detail by Smith(44, p. 211) and 
McLean (31). Smith shows that for indirect transitions, 
this interaction decreases the absorption threshold energy 
by an amount equal to what is called the exciton binding 
energy. In Ge this energy is about 0.005-eV (25). Such a 
value would be too small to be seen for this work on 
MggGe, as measurements were made at energy intervals no 
smaller than this. 
It is felt that this study of the absorption edge 
establishes reasonably well the fact that Mg2Ge has an 
indirect gap and yields useful values for the energy gap 
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as a function of temperature. Although no fine structure 
due to the absorption and emission of more than one phonon 
was observed, the phonon energy of 0.025 eV obtained from 
the one-phonon Maofarlane-Roberts analysis does represent 
an average phonon energy for the int^rband transitions in 
MggGe. 
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FREE CARRIER ABSORPTION 
P-Type MggGe 
The absorption spectrum of p-type Mg^Ge at wavelengths 
longer than that of the absorption edge is dominated by 
three strongly temperature dependent absorption bands. 
Figure 11 shows the absorption spectrum of a p-type silver 
doped MggGe crystal with a carrier concentration of 
9(10^^) cm~^. 
There is a strong absorption peak that, as the tem­
perature increases, broadens and shifts from about 0.28 
eV at 300°K to 0.22 eV at 10°K. A very weak peak at 0.19 
eV is evident at the higher temperatures but disappears 
entirely at 80°K and 10°K. There is a hint of a third 
absorption band at low photon energies which seems to 
begin at about 0.10 eV, although it is not completely 
covered by the energy range measured. 
For "chese long wavelength measurements it was not 
possible to use the sapphire windows on the exchange gas 
chamber as they become opaque at about 6 (a. Thus no 
exchange gas was used which resulted in sample tempera­
tures somewhat higher than those of the liquid refrigerants. 
Sample temperatures of about 80°K and 10°K were obtained 
with liquid nitrogen and liquid helium respectively. 
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Figure 11* Free carrier absorption in p-type MggGe 
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This type of absorption spectrum is similar to those 
seen in a number of p-type semiconductors, in which the 
absorption has been interpreted as being due to transi­
tions between three different valence bands (I7, 18, 29, 
p. 67). 
Figure 12 shows a schematic diagram of the valence 
bands in germanium near k = 0. The band marked 1 is the 
heavy-hole band, which at k = 0 is degenerate with band 
number 2, the light^hole band. Band number 3 is a band 
split off from the other two by the spin-orbit interaction 
and is the intermediate hole band. If x, the spin-orbit 
splitting at the center of the zone, is small compared to 
the energy gap between valence and conduction bands, then 
the following mean value relation holds between the effec­
tive masses associated with the bands (4, l4). 
4 = + 4) 
One would expect to see three absorption bands in 
p-type material due to vertical transitions between such 
valence bands from the following considerations (4). 
Transitions between the bands at k = 0 are forbidden, as the 
electric dipole matrix element vanishes for such transi­
tions because the bands have the same parity there. For 
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Figure 12» Proposed valence band structure 
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transitions between bands 1 and 3j  which diverge from each 
other as k moves away from zero, the absorption starts at 
a photon energy equal to the spin-orbit splitting and 
increases rapidly with photon energy since the dipole 
matrix element Is assumed to be proportional to k and 
2 the transition probability thus to k . The absorption 
comes to a maximum and then decreases due to the exponen­
tial decrease in the occupancy of states at high k values. 
For transitions between bands 2 and 3j which converge 
toward each other as k moves away from zero, absorption 
occurs only for photon energies less than the spin-orbit 
splitting and reaches a maximum and falls off for the same 
reasons as above. For transitions between the heavy and 
light-hole bands, which are degenerate at k = 0, the absorp­
tion increases from zero photon energy, reaching a maximum at 
an energy somewhat lower than for the other two transitions. 
For such an absorption spectrum then, the highest 
energy peak can be identified as being due to transitions 
between the heavy-hole and the split-off band, the inter­
mediate energy peak to transitions between the light-hole 
and the split-off band, and the low energy peak to transi­
tions from the heavy-hole to the light-hole band. The 
trough in the absorption spectrum between the two high 
energy peaks occurs at a photon energy equal to the spin-
orbit splitting of the valence bands at the center of the 
Brillouin zone. 
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The shapes of the absorption peaks and the positions 
of their maxima depend primarily on the spin-orbit split­
ting, the effective masses associated with the bands, and 
on temperature. As the temperature decreases, the 1-3 
band sharpens and shifts toward lower energies while the 
2-3 band decreases in intensity because of the decreased 
hole population in the light-hole band. 
A necessary condition to see all three absorption 
peaks is that the spin-orbit splitting be smaller than 
the energy gap. If not, part or all of the p-bands would 
be lost in the absorption edge. This is the case in 
InAs (30, 48) where only one absorption peak is observed 
and has been identified as being due to transitions between 
light and heavy-hole bands. The spin-orbit splitting in 
InAs has been determined to be 0.43 eV compared to an energy 
gap of only 0.4l eV, which means that the absorption due 
to the two transitions involving the split-off band would 
be masked by the absorption edge. Similar situations occur 
in p-type InSb (11) and GaSb (2), However, if the spin-
orbit splitting is too small it can be masked by free 
carrier absorption, as is the case for Si (18), or by 
reststrahl absorption. 
In MggGe, the intermediate absorption peak at 0.19 
eV, which would correspond to transitions between the 
light-hole and split-off band, is very weak. In fact, 
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there is some doubt that it exists at all because it occurs 
in the spectral region in which atmospheric water vapor 
has a complicated absorption spectrum. This makes absorp­
tion measurements difficult in that region using a single 
beam instrument. 
Interpreting an absorption spectrum as being due to 
transitions between three germanium-like valence bands 
when the intermediate energy peak is not observed is not 
without a precedent in the literature. Such is the case 
for AlSb, where it has been suggested that this missing 
absorption peak is broadened or obscured by non-vertical 
transitions between bands due to scattering (5). 
Kahn (l4) assumed parabolic bands and derived theoreti­
cal expressions for the absorption due to .transitions be­
tween the 3 valence bands in Ge. His results for the 
energy and temperature dependence of the absorption 
bands in non-degenerate material are 
°-12 
•^3 (hv - (hy - X) 
KT 
1 hv > ^ 
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a 
^23 ~ 
r 
hv (ET)3/2 
where a^j is the absorption coefficient for transitions 
between bands i and j, A. . is a constant independent of 
J 
energy and temperature, T the absolute temperature, and 
* 
the effective mass associated with band 1. 
Kahn was unable to get an exact fit to the experimental 
data for Ge. This was primarily because of his assumption 
of parabolic bands since the actual non-parabolic nature 
of the bands affects the shape of the absorption peaks. 
Nevertheless, he did get a qualitative agreement by choos­
ing values for the spin-orbit splitting and for the effec­
tive masses that agree well with the results of cyclotron 
resonance measurements (9). 
Kane (15) made a more careful calculation of the 
shape of the absorption spectrum in p-type Ge in which he 
took into consideration the non-parabolic nature of the 
valence bands. By a method called the k*£ approximation, 
he made energy band calculations for the three valence 
bands and calculated matrix elements for direct optical 
transitions between the bands by making use of cyclotron 
resonance data. This resulted in an improved fit to the 
experimental data for Ge. 
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Kahn's theoretical expressions have been used to fit 
experimental data and determine spin-orbit splittings and 
approximate effective masses in semiconductors other than 
germanium. An example is GaAs where three absorption bands 
are seen In p-type material (3). 
An attempt was made to apply Kahn's expressions to 
the absorption bands in MggGe. If the mean value expres­
sion for the three effective masses is assumed to hold, 
and since only ratios of pairs of the effective masses 
appear in Kahn's expression, only one effective mass 
parameter, say m^/m^, need be varied along with the spin-
orbit splitting, A. 5 to get the best fit to experiment at 
a given temperature. 
Assuming such a valence band structure for MggGe, the 
best fit to the experimental data is found for x = 0.20 eV 
* , * . 
and m^/m^ =6+1. In making this fit, the position of 
the trough between the two high energy peaks and the shift 
with temperature of the high energy peak were the criteria 
used. A comparison of experiment to the calculated curves 
of Kahn's expression using the above values for and 
m^/m^ is shown in Figure 13. The absorption coefficients 
are plotted on a logarithmic scale with the indicated-
scale applying only to the 80°K curve. The other two 
curves are displaced upward for clarity with the horizontal 
line on each curve corresponding to an absorption 
EXPERIMENT 
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Figure 13, Comparison of theory and experimental free 
carrier absorption in p-type MggGe 
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coefficient of 70 cm~^. To compare the relative intensi­
ties, the upper two curves must be displaced downward until 
the horizontal lines occur at 70 cm~^ on the scale. 
As can be seen, the theoretical curves do not fit the 
shape of the experimental ones. As was stated before, 
this is due primarily to the theoretical assumption of 
parabolic bands. Another difficulty is the fact that in 
the experimental curves, the spectrum due to the interband 
transitions is superimposed on the ordinary free-hole 
absorption. With the measurements made, it was not pos­
sible to separate the absorption due to the two different 
mechanisms. 
Although such a determination of the effective masses 
is a rough estimate at best, the observed absorption spec­
trum in p-type Mg^Ge is nevertheless direct evidence of a 
valence band structure similar to that of Ge and yields a 
fairly accurate (10^) value for the spin-orbit splitting 
at the center of the Brillouin zone. 
It does not seem likely that such an absorption 
spectrum would be observed if the valence band maximum 
occurred at a position in k-space other than k = 0, say 
at the edge of the Brillouin zone. Since the crystal 
structures are similar, the valence bands in MggGe and Ge 
would be expected to have the same general form. In Ge at 
the edge of the zone in the <111> direction, the band 
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split off at k = 0 by a few tenths of an electron volt is 
separated from the other two by several electron volts 
(7J p. l64), while the spin-orbit splitting of the other 
two bands is about two thirds of that at k = 0. If the 
valence band maximum had this structure, one would expect 
to see only one absorption peak, that being due to transi­
tions between the top two bands. Transitions involving 
the third band would occur at energies too large to be 
observed. Similar situations would probably exist if the 
valence band occurred at other directions in k-space either 
at the edge or partly to the edge of the zone. However, 
such statements are quite speculative without a more de­
tailed knowledge of the band structure of MggGe either 
from theoretical or other experimental considerations. 
Lee's band structure calculation for MggGe shown in Figure 
17 does show the valence band maximum occurring at k = 0 
( 2 2 ) .  
By a method suggested by Kane (l6), the spin-orbit 
splitting of a compound can be related to the atomic spin-
orbit splittings of the constituent elements. Good results 
for the III-V compounds have been obtained by taking the 
spin-orbit splitting of the compound to be equal to the 
average of the atomic spin-orbit splittings weighted by 
the fraction of time an electron spends on each atom, and 
applying an atomic-solid correction factor. This correction 
59 
factor was taken to be the same as for pure germanium, in 
which the ratio of solid Ge spin-orbit splitting to atomic 
Ge spin-orbit splitting is 1.^5* This relation can be 
expressed as 
for a compound composed of elements A and B. The fraction 
of time an electron spends on atom A is q, while the rest 
of the time, 1-q, is spent on atom B. The validity of this 
procedure is substantiated by the work of Braunstein on 
Si-Ge alloys (4). In a Si-Ge alloy, one would expect 
equal probabilities for an electron to be at a Ge or Si 
site, so that the spin-orbit splitting of the, alloy accord­
ing to Kane's scheme should be a linear function of com­
position. This was exactly what Braunstein observed. 
Liu (24) treats the effects of spin-orbit coupling in Si 
and Ge and demonstrates how the spin-orbit splitting of 
valence states in the crystal are enhanced over the cor­
responding atomic value. 
Good results for the III-V compounds are obtained 
by assuming the same sharing time of q = 0.35 for the 
column III atom for all of the compounds, where the 
atomic spin-orbit splittings are determined from atomic 
spectra by a method described by Braunstein and Kane (5). 
.Applying this analysis to the 0.20 eV spin-orbit 
6o 
splitting found for MggGe, taking the atomic spin-orbit 
splittings to be O.OO76 eV for Mg, as determined from 
tables of atomic energy levels (36), and 0.20 eV for 
germanium, one finds that an electron spends about I/3 
of the time on a Mg atom and 2/3 of the time on a Ge atom. 
Assuming the same sharing time for the other magnesium 
compounds, one gets spin-orbit splittings of 0.03 eV for 
MggSi and 0.60 eV for MggSn. Thus it is unlikely that 
absorption due to interband transitions can be seen in 
p-type Mg2Si or Mg^Sn, since it would be masked by the 
reststrahlen absorption in MggSi and by the absorption 
edge in MggSn in which the energy gap is only about 0.15 
eV. 
The sharing time of electrons between Mg and Ge 
should be related in some way to the ionicity, or degree 
of ionic binding, of the compound. It is not clear exactly 
what the connection is, but naively using the I/3 - 2/3 
sharing time to calculate the effective charge, a value of 
+0.7e for the effective charge on each Mg ion (-1.4e on 
each Ge ion) is found, where e is the electronic charge. 
Effective charge determinations for the magnesium 
compounds have been made from other considerations. 
McWilliams and Lynch (33) calculate a Mg ion effective 
charge of 1.80e based on infrared reflectivity measure­
ments, and Whitten £t al. estimate an upper limit of 0.66e 
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from elastic constant measurements on Mg^Si, (52). 
Since the different effective charge determinations 
were made from such widely different considerations, and 
since effective charge is a vague concept in some of them, 
it does not seem fruitful to attempt to correlate the 
three results. Madelung (29, p. 361) discusses the diffi­
culties associated with determining effective charges in 
his review of the III-V compounds. 
N-Type MggGe 
Interband transitions 
In n-type crystals, the absorption edge of MggGe is 
masked by an absorption band at about 0.57 eV. Figure 14-
shows the absorption spectrum of an aluminum doped crystal 
with a room temperature carrier concentration of 6(10^^) 
cm~^. It was this absorption band that prevented an analy­
sis of the absorption edge for n-type Mg^Ge. Figure 15 
shows the absorption band after subtraction of the edge 
absorption. 
The absorption band was not seen in any p-type material 
with hole concentrations ranging from 10^^. to 10^^ cm~^ 
and at temperatures from 4.2°K to 400°K. The absorption 
was seen in all n-type material and appeared to be approxi­
mately proportional to the electron concentration, with 
the absorption coefficient at the peak in excess of 300 
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6Zj, 
cm"^ in an A1 doped crystal with an electron concentra­
tion of 10^9 cm"^. It was also independent of the doping 
material, being seen in crystals doped with Al, Ga, In, 
As, and Sc. 
The absorption band is similar to those seen in the 
other magnesium compounds. Bands are seen at 0.40 eV in 
n-type MggSi (I9) and at O.16 eV in Mg^Sn (23). In 
these cases it was suggested that the bands are 
caused by electronic transitions within the conduction 
band although the transitions were not positively identi­
fied. 
Absorption bands have been seen in a number of other 
n-type semiconductors and various conduction band transi­
tions have been suggested as being their source. One 
can consider at least five possible transitions giving 
rise to absorption bands in n-type material. These are: 
1) an indirect transition from the lowest conduction band 
minimum to a higher lying minimum at a different k value, 
2) a direct transition from the lowest conduction band 
minimum to a higher band at the same k value, 3) a transi 
tion from a shallow donor level to a higher conduction 
band, 4) a transition from a deep lying impurity level 
to the conduction band minimum, and 5) a transition from 
the valence band maximum to an empty donor impurity level. 
Spitzer and Fan observed an absorption band in n-type 
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silicon at 2.3 li of which the intensity was proportional 
to the electron concentration (45). They explained it in 
terms of mechanism 1) above, although Paul (39) suggests 
that mechanism 2) is the case. 
A similar absorption band was observed In n-type Gap 
by Spitzer e_t al. (46), who suggested that it is due to an 
indirect transition from the conduction band to a higher 
minimum at k = 0. However, measurements on the pressure 
dependence of the band by Paul (39) and Zallen and Paul 
(54) indicate that it is due to vertical transitions to a 
higher conduction band. Measurements on GaP-GaAs alloys 
by Allen and Hodby (1) substantiate this and also indi­
cate that the initial electron states are shallow donor 
levels. 
Other materials in which n-type absorption bands have 
been observed are GaAs, AlSb, and GaSb (18, 29, p. 70). 
It is difficult to attempt an explanation of the 
absorption band in n-type MggGe without a more detailed 
knowledge of the band structure. However, in the band 
structure calculation for Mg^Ge of Lee (22), which is 
shown in Figure l6, one can see several possibilities. 
If the conduction band minimum is actually located in the 
<100> direction at the point as his calculations indi­
cate, then there is the possibility of vertical transitions 
from this minimum, to the higher band at X^, Although Lee 
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Figure l6* Lee's energy band structure of Mg^Ge 
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places no confidence in the position of the level, it 
is interesting to note that the energy differences for 
such a transition according to his calculations for 
MggSi and Mg^Ge at least run in the same direction as the 
energies of the experimentally observed absorption bands 
in the two materials. According to Lee's calculation, the 
energies for optical transitions from X^ to X- are 0.67 
eV for MggSi and O.78 eV for MggGe, while the absorption 
peaks occur at energies of 0.40 eV and 0.57 eV respectively. 
Lipson and Kahan (23) observed the absorption band in 
normally p-type Mg^Sn at temperatures above 196°K where 
intrinsic ionization occurs. This suggests that the 
absorption in Mg^Sn is due to transitions within the 
conduction band. Measurements on MggGe were not made at 
temperatures high enough for intrinsic ionization to occur. 
The absorption band in MggGe is strongly photoconduct­
ing, as shown by Stella and Lynch (47). They argue that 
since the peak occurs at temperatures at which shallow 
donors are probably completely ionized, then the transi­
tion responsible for the absorption must not originate from 
donor levels. In this case, no new charge carriers would 
be produced and the photoconductivity would arise from a 
change in mobility as electrons are excited to a different 
conduction band. However, the photoconductivity measure­
ments would indicate that this is not the case, as such 
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..Interband transitions not resulting in new charge carriers 
would not likely give rise to strong photoconductivity. 
Transitions from deep lying impurity levels do not 
seem likely as there is no evidence of such levels in 
MggGe from electrical measurements. Also, transitions 
from the valence band to empty donor levels seem unlikely 
since at 4.2°K most of the donor levels should be full, 
when actually the absorption peak is still strong. 
Structure appears in the absorption band at 77°K and 
4.2°K in the form of a secondary peak about 0.03 eV higher 
than the main peak. This suggests the possibility that 
the secondary peak is due to transitions from an impurity 
level 0.03 eV below the conduction band minimum to a higher 
conduction band, while the main peak is due to transitions 
from the conduction band minimum. It disappears at higher 
temperatures as the donors become ionized. This is in 
agreement with the results of Redin, who made estimates 
of from 0.03 eV to 0.0?? eV for donor ionization energies 
(40). However, if this were the case one would expect the 
primary peak to be much smaller at 4.2°K, when few electrons 
from the relatively deep level of 0.03 eV would be thermal­
ly excited to the conduction band. 
In short, there is no preponderance of evidence 
supporting any of the possible mechanisms as giving rise 
to the absorption band in n-type MggGe. In fact there are 
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arguments against each of them. However, the most likely 
possibilities remain the transitions in which the final 
state is a higher conduction band. 
Free carrier absorption 
The absorption coefficient of n-type Mg^Ge at wave­
lengths longer than that of the absorption edge increases 
monotonically with increasing wavelength. This absorp­
tion is interpreted as being the free electron absorp­
tion, i.e. absorption due to electronic transitions 
within a single conduction band. 
Electronic transitions within a single band must 
necessarily be Indirect transitions. For such transitions 
to occur, conservation of crystal momentum requires the 
electrons to interact with the lattice perturbed by such 
entities as imperfections or lattice vibrations, just as 
for the indirect Interband transitions considered earlier. 
A classical treatment of free carrier absorption 
called the Drude-Zener theory considers the equation of 
motion of free charged particles in an electromagnetic 
field. A damping term characterized by a constant relaxa­
tion time,T, is Introduced as an approximation to the 
electron-lattice interaction (29, p. 79)* In the region 
where ui)T»lj in which infrared absorption measurements 
on semiconductors are made, lu being the angular frequency 
of the incident radiation, the Drude-Zener theory predicts 
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2 
a \ wavelength dependence for the absorption coefficient. 
Quantum mechanical treatments of free carrier absorp­
tion considering the specific nature of the electron 
scattering mechanisms have been made, and wavelength 
1 4 dependences of x for acoustical phonon scattering and 
3 5 \ * for impurity scattering (35) have been found. 
Experimentally, the free carrier absorption in semi­
conductors is found to vary with wavelength as where 
the power p is usually found to be between 1*5 and 3-5 
(49). In MggGe, it was found by making logarithmic plots 
of the experimental data that the free carrier absorption 
2 < 2 40 
varies from \ at room temperature to \ at liquid 
nitrogen temperature. This is best fit by the quantum 
mechanical treatment of optical mode scattering by 
Visvanathan (50). He finds that for scattering by longi­
tudinal optical mode-s, the free carrier absorption varies 
2 < 2 4 
as \ * for hto»KT. The \ behavior of the free electron 
2/4 
absorption in MggGe is shown in Figure 17j where a is 
plotted vs. wavelength for the n-type aluminum doped 
crystal no. 1 (electron concentration = 6(10^^) cm~^). 
This interpretation of optical mode scattering is 
consistent with the partially polar character of MggGe 
and with electrical measurements in which it was suggested 
that' optical mode scattering is important at low tempera­
tures (4l). However, the possibility of a combination of 
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Figure 17* Free carrier absorption in n-type MggGe 
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other scattering mechanisms giving rise to the free 
electron absorption can't be discounted. 
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SUMMARY 
Absorption Edge 
Measureientjfcs o% the absorption edge of Mg^Ge were 
found to agree well with the theory of indirect 
electronic tianscitions from the valence band to the 
conduction band ; accompanied by the absorption and emis­
sion of phonons. 
Although no p fizie structure in the absorption edge due 
to the absorptiopn and emission of more than one kind of 
phonon was obserned ^ an average phonon energy of 0.025 eV 
was determined wWtch is representative of phonon energies 
at the edge of tl|c;;lie Brlllouin zone according to the phonon 
spectrum calcuLal^ed for MggGe by Chung (8), 
The analysing of the absorption edge also yielded 
values for the ensnergy gap as a function of temperature. 
The value of thie g energy gap extrapolated to absolute zero 
was 0.570 eV, aiiQU-d the slope of the gap vs. temperature 
curve at higher t temperatures was -1.8(10"^) eV/°K. 
The value fq'oand for the energy gap at absolute zero 
is about 20^ loFQfer than that found from electrical resistivity 
and Hall effect-ma&asarements by Redin (40, 4l). It is not 
clear why the optloticaL measurements should yield a lower 
energy gap, but- tt tlie optical value is regarded as more 
reliable as it ias determined more directly than from the 
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electrical measurements in which a number of assumptions 
must be made. Redin's value was determined from the tempera­
ture dependence of the resitivity and Hall coefficient from 
400°K to 1000°K assuming a temperature dependence of 
for both the electron and hols mobilities, and assuming 
the only other temperature dependence to arise from the 
electron .and hole concentrations. 
Redin also determined the electron and hole effective 
masses from these measurements by assuming acoustical mode 
scattering and using the temperature dependence of the 
energy gap as determined by Winkler (53)» These values 
were m^ = 0.l8m and m^^ = O.^lm, where m is the free electron 
mass. However, Winkler's value for the temperature rate of 
change of the energy gap is more than four times that 
found in these measurements on the absorption edge. If 
this optical value is used Instead of Winkler's value, 
effective masses of m^ = 1.8m and m^ = 2.9m result from 
Redin's data. This is not to say that these are better 
estimates, but only demonstrates that some poorly known 
quantities entered into Redin's effective mass determina­
tions and emphasizes his statement that his values are 
probably not reliable because of the assumptions made. A 
similar situation exists in the effective mass determina­
tions in MggSi from Seebeck coefficient data by Heller and 
Danielson (13). They made use of the temperature shift 
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of the energy gap of Koenig £t al, (19)> which is probably 
about three times too large for reasons mentioned earlier. 
Free Carrier Absorption 
P-type Mg^Ge 
The free carrier absorption in p-type Mg^Ge is 
dominated by temperature dependent absorption bands which 
is taken as evidence of a valence band structure similar 
to that of germanium* That is, the valence band maximum 
is at k = 0 and is composed of a light-hole and a heavy-
hole band which are degenerate at k = 0, and an intermediate 
hole band split off from the others by the spin-orbit 
interaction. The three absorption peaks are then due to 
electronic transitions between the three bands. 
By fitting a theoretical expression derived for the 
absorption in p-type Ge by Kahn to the experimental data 
for MggGe, a spin-orbit splitting of 0.20 eV at the center 
of the zone was determined and an estimate of 6 + 1 for 
the ratio of heavy to light-hole mass was made. 
By relating the observed spin-orbit splitting of the 
compound to the atomic spin-orbit splittings of the con­
stituent atoms, it was estimated that the electrons spend 
l/3 of the time at the Mg atom sites and 2/3 of the time 
at the Ge atom sites. This unequal sharing time points up 
the partially polar character of MggGe. 
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N-tvpe MgpGe 
The absorption edge in n-type MggGe Is masked by an 
absorption band roughly proportional to carrier concentra­
tion and independent of the doping material« At this time 
it is not possible to identify the source of the absorp­
tion band other than to suggest that it is probably due 
to transitions between sub-bands of the conduction band 
and possibly an impurity level. 
At wavelengths longer than that of the absorption 
edge, the free carrier absorption in n-type Mg^Ge increases 
monotonically with wavelength. The absorption can be 
2 4 described fairly well by a X dependence which agrees 
with the theory or optical mode scattering. 
Future Work 
Much work remains to be done in regard to determining 
the band structure of the magnesium compounds. Experi­
mentally, cyclotron resonance would be the most fruitful 
experiment to do but must await Improvements in the area 
of crystal growth, as crystals of higher purity than are 
now available are needed. The requirement of high purity 
can be relaxed somewhat by going to higher frequencies and 
higher magnetic fields. However, for Infrared cyclotron 
resonance, the lowest known semiconductor effective mass 
of 0.0l4m (InSb) at a wavelength of 4l |a requires a field 
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of 40,000 G. Since the magnesium compounds become highly 
absorbing in the infrared due to reststrahl absorption, 
infrared cyclotron resonance does not seem feasible. 
Magnatoresistance measurements would also yield band 
structure information. Although such measurements do not 
require such high purity material as does cyclotron 
resonance, crystals whose impurities and imperfections are 
distributed more homogeneously than in present material 
would be needed. 
Faraday rotation measurements would yield information 
about effective masses, but would likely be very difficult 
to do in the magnesium compounds, again because of the 
magnitude of the effective masses and of the reststrahl 
absorption. The Faraday rotation per unit length is 
given by (21) 
_ 
® " 8„2noV2 
where N is the carrier concentration, H the magnetic field, 
and n the refractive index. Taking \ = 20 |i, N = 10^^ cm"^, 
H = 20,000 G, m* = 0,2m, and n = 3»5> a rotation of 0.1 
mm"^ is obtained. At a wavelength of 20 |i for such a 
carrier concentration it would be necessary to use samples 
no thicker than 0.1 mm to get any light through. This 
means that a rotation of only about 0,6 degrees would be 
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obtained. Thus it is doubtful that such an experiment 
could be successfully performed with a reasonable amount 
of effort. 
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